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Abstract 
This manuscript describes the use of explosions to power a soft robot—one composed solely of 
organic elastomers (e.g., silicones). The robot has three pneumatic actuators (pneu-nets) in a 
tripedal configuration. Explosion of a stoichiometric mixture of methane and oxygen within the 
microchannels making up the actuators produced hot gas that rapidly inflated the pneu-nets, and 
caused the robot to launch itself vertically from a flat surface (e.g., to jump). A soft flap 
embedded in the pneu-net acted as the valve of a passive exhaust system, and allowed multiple 
sequential actuations.  The flame and temperature increase from the explosions are short-lived, 
and do not noticeably damage the robots over dozens of actuation cycles.  
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Soft robots have emerged as a new set of machines capable of manipulation[1-4] and 
locomotion.[5-8] Pneumatic expansion of a network of microchannels (pneu-nets) fabricated in 
organic elastomers, using low-pressure air (<10 psi; 0.7 atm; 71 kPa), provides a simple method 
of achieving complex movements:[1, 5] grasping and walking. Despite their advantages 
(simplicity of fabrication, actuation, and control; low cost; light weight), pneu-nets have the 
disadvantage that actuation using them is slow, in part because the viscosity of air limits the rate 
at which the gas can be delivered through tubes to fill and expand the microchannels. Here we 
demonstrate the rapid actuation of pneu-nets using a chemical reaction (the combustion of 
methane) to generate explosive bursts of pressure.  
Although the combustion of hydrocarbons is ubiquitous in the actuation of hard systems 
(e.g., in the metal cylinder of a diesel or spark-ignited engine[9]), it has not been used to power 
soft machines. Here, we demonstrate that explosive chemical reactions[10] producing pulses of 
high temperature gas for pneu-net actuation provides simple, rapid, co-located power generation, 
and enables motion, in soft robots. In particular, we used the explosive combustion of 
hydrocarbons triggered by an electrical spark to cause a soft robot to “jump” (a gait previously 
only demonstrated for hard systems[11-16]). 
We fabricated a tripedal robot (Fig. 1; Fig. S4) using soft lithography.[1] This robot 
incorporated a passive valving system (Fig. 1a, inset) that allowed us to (i) pressurize the pneu-
nets easily, (ii) exhaust the product gases automatically (without external control), and (iii) 
actuate the same pneu-net repeatedly. By actuating all three legs simultaneously, we caused the 
robot to jump more than 30 times its height in less than 0.2 s, at a maximum vertical velocity of 
~3.6 m/s.  2 
 
Our choice of explosive chemical reactions for actuation was based on several factors, one 
being their high volumetric energy density (in units of MJ/L). The energy density of a 
compressed gas, which we previously used to power soft robots, is ~0.1 MJ/L at 2,900 psi from 
the potential for mechanical work, w, done by the change in pressure (P), and volume (V) 
when decompressed to atmospheric pressure; combustible gases, like CH4, can also be burned to 
release heat, q, resulting in an energy density of w+q ~ 8.0 MJ/L (SI). We used a stoichiometric 
mixture of methane and oxygen (1 mole CH4: 2 moles O2) to power the jumps. This 
stoichiometry minimized the formation of soot, and prevented the contamination of the channels 
and the clogging of the valves by carbon deposits. We used an electrical spark to ignite the 
mixture inside the chambers because spark gaps are (i) easily incorporated into soft robots, (ii) 
controlled in their timing with msec precision, and (iii) faster than other means of ignition (e.g., 
resistive heating). 
We chose pure oxygen instead of air to maximize the energy density of the mixture; air 
contains only ~21 wt % O2. Methane was the fuel because it is (i) readily available, (ii) a gas 
over all temperatures useful for soft robots, and easily pumped through tubing and pneu-nets, 
(iii) easily controlled to ignite an explosion (i.e., rapid burning) rather than a detonation (i.e., a 
shock wave),[10, 17] (iv) sufficiently exothermic in combustion that it releases enough energy 
(890 kJ/mol; Eq. 1[18]) for actuation, but not enough to damage the channel or passive valve, 
and (iv) converted by combustion into products (CO2 (g) and H2O (g)) that allow rapid 
depressurization of the actuator at the end of each cycle through a soft microvalve.  
                                                                             Eq. 1 
We fabricated the robot using soft lithography (SI).[1, 5] Each leg of the tripedal robot was a 
hollow chamber with a stoichiometric mixture of CH4 and O2 entering from one side, and gases 3 
 
exiting through a valved opening at the other. At the gas-input side of each pneu-net, we placed 
computer controlled electrodes that triggered a spark (SI).  
Explosion Inside an Elastomeric Balloon. The high temperatures of explosive reactions 
(T>2,500 K in air[17, 19, 20]) seem incompatible with the low service temperature of silicone 
elastomers (most degrade at T< 600 K).[21] To a first approximation, the temperature within a 
pneu-net during the explosion can be estimated using Eq. 2,[20]  
    
 
       
          
                                               Eq. 2 
where   
    = 28.6 J/mol·K and   
    = 74.5 J/mol·K,      = 20 mol and     = 40 mol, and 
  ≈ 18 J based on our gas-flow rates and channel dimensions; a more detailed analysis (SI) based 
on Eq. 2 that includes second-order effects predicts a temperature of 3,000 K (2,800 
oC) 
immediately after ignition. In our pneu-nets, a thin layer of silicone may decompose on exposure 
to high temperatures,[22] and form a surface layer of silica; this layer may insulate the surface 
from the radiant heat of the flame.[23]  
The duration of the explosion is short. The temperature of the gas is quickly reduced as it 
expands and the pneu-net inflates. To try and capture the kinetics of the rapid combustion, we 
used a combination of high-speed infrared (IR) imaging (155 fps; T620; FLIR, Inc.) and 
bimetallic temperature probes in the interior of a pneu-net. We do not know how the IR intensity 
detected by the camera partitions between emissions from the hot gas, the surface, and the bulk 
polymer of the robot, but empirically, three ms after ignition, we detected IR temperature in 
excess of 500 
oC (Fig. 2a,b). After ten ms, the temperature measured by the IR camera fell below 
300 
oC (below the decomposition temperature of silicone; Fig. 2a-d). The IR imaging also 4 
 
established that we could actuate a single pneu-net independently, by adjusting the delays 
between sparks in them (Fig 2e-h).  
To measure the temperature of the exhaust gases during a sequence of actuations (one 
actuation every two seconds; Fig. 2i), we used a thermocouple (SI; Omega Instruments) placed 
inside the pneu-net. Because the response of the thermocouple is relatively slow, the 
measurements are averages over tens of milliseconds, and report the temperature of the exhaust 
gases (which do not exceed peak temperatures of ~125 
oC, and cool to <50 
oC prior to 
subsequent explosions). In principle, the stability of the CH4/O2 mixture in the absence of 
initiating events, and the small increase in temperature in the pneu-nets (~25 
oC above room 
temperature; SI) after the flame is extinguished, makes these systems safe to handle (Video S1). 
We emphasize, nonetheless, that a mixture of CH4/O2 is highly dangerous, and should only be 
handled by experienced personnel.  
Using isothermal nanocalorimetry, we measured the heat evolution during actuation with i) 
compressed air and ii) combustion of a mixture of CH4/O2 (Fig. 3; Fig. S2;[24] TA Instruments 
TAM-III; SI). From the resulting heat measurements and actuation times for compressed air (~1 
s[5]) and explosions (~10 ms; Fig. 2a-d), we estimate the power generated by these two actuation 
methods to be 3.3 mW and 35 W, respectively. The impulse (change in momentum over time) 
that results from the ~11,000 fold increase in power causes rapid actuation of the pneu-nets, and 
enables the soft robot to jump. 
Passive Valve for Release of Exhaust. After the methane has burned in the pneu-net, it is 
necessary to remove the waste products to ensure an appropriate ratio of CH4 and O2 for the next 
actuation. To purge the waste CO2 and H2O vapor, we embedded exit channels into the ends of 5 
 
the legs of the tripod. To actuate a leg, we allowed fresh methane and oxygen to flow into the 
pneu-net and expel the exhaust gases. 
The heat from the combustion reaction increases the pressure of gas in the pneu-net. To limit 
the expanding gas from leaking before the explosion was complete, we embedded a passive 
valve—a soft flap molded directly into the pneu-net—immediately before the exit channel (Fig. 
1a, inset). At low pressure—before, and ~10 ms after, an explosion—the soft valve was open and 
allowed continuous flow of fuel into the pneu-net, or of waste products out of it. At high 
pressure—during the explosions—the soft valve closed and caused the pressure to increase and 
actuate the pneu-net (Fig. 4a; Video S2; SI Text for estimate of pressure during explosion). 
Approximately seven ms after the spark ignited the CH4/O2, the pressure generated by the 
exploding gas caused the leg to inflate (Fig. 4a), and then, ~50 ms after ignition, to extend ~5 
mm; this extension, in turn, caused the actuator to bend downward (Fig. 4b-e).  
Despite the large pressures generated during the explosions, the pneu-nets (fabricated from a 
stiff silicone rubber, Young’s modulus ~ 3.6 kPa; SI) withstood multiple (>30) explosive 
actuations before failure. These failures typically occurred from the charring of the gas input 
lines and, occasionally, from tearing of the elastomers at the interface between the actuation 
layer and the strain-limiting layer.  
The toughness and resilience of these silicone elastomers was further evident when we 
actuated all three legs simultaneously. The tripedal robot contained the three simultaneous 
explosions and used the energy they generated to jump over 30 times its body height (that is, 30 
cm) in under 0.2 s (Fig. 5; Video S3). We used high-speed video to estimate the instantaneous 
velocity after actuation: the robot jumped 2.5 cm in 8.25 ms, with a resultant velocity of 3.6 m/s 
(13 km/h). The 30 cm height was, in reality, limited by the height of the safety chamber we used 6 
 
to enclose the jumping robot; we estimate that the robot would actually have reached a height of 
60 cm in a taller chamber, and without the weight of the attached tubing (SI). 
The use of explosions for actuation is compatible with soft machines. Explosive power 
allowed a soft robot to jump 30 times its height with an initial speed of 3.6 m/s; a mobile robot 
powered by compressed air moved much more slowly (walking at ~0.03 m/s).[5]  The silicone-
based robot, whose body design we made no attempt to optimize, withstood the tensile forces 
and temperatures generated by igniting a mixture of methane and oxygen within its pneu-nets. 
The heat capacity of the robot (~44 J/K; SI) was enough to absorb the heat generated from the 
rapidly burning gas (~18 J).   
Recently, the use of jumping in hard robotic systems (e.g., the “Sandflea” by Boston 
Dynamics) has been demonstrated as a way to navigate obstacles. We believe that soft robots 
powered by explosive actuation, with future improvements in design and control,[25] could be 
autonomous and able to use their ability to jump to navigate obstacles in search and rescue 
missions; additionally, the cost of these robots (~$100; see SI for estimate) would be sufficiently 
low that they could be considered disposable, with insignificant loss if they were destroyed 
during use.  
 The soft robot described in this work can be further developed to convert chemical potential 
into useful mechanical work (see SI for efficiency calculation). By tailoring the timing in the 
sparks, it will be possible to increase the jumping height, improve energy efficiency, and direct 
the jump of the robot. Liquid butane (LB) and other liquid fuels (e.g., gasoline) have even greater 
volumetric energy densities than gaseous methane, and will be usable as fuels with improved 
design. 7 
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 Fig. 1. (a) Schematic, including dimensions, of a tripedal soft robot. (a, inset) Soft valves allow 
low pressure (P1) gas to flow out of the exhaust vents in the pneu-net. High pressure (P2) closes 
the soft valve. (b) Rendering of the robot with electrical inputs for spark ignition to actuate the 
pneu-nets explosively. We fed one wire (a common ground) through each of the pneu-nets, and a 
separate wire into each channel (a positive terminal for high voltage, three total) to allow 
independent, timed actuation of each leg. Each of the three high-voltage wires was sheathed in 
tubing that fed premixed methane and oxygen gas into the pneu-nets.  
 
 
 Fig. 2. Infrared images of the top of the robot after (a-d) simultaneous ignition of combustion in 
all three channels and (e-h) separate actuation of the three pneu-nets with 15ms delays between 
actuations. The channels have an IR signatures below 510 
oC for 6.3 ms; after 9.4 ms, the 
temperature of the robot is below 340 
oC. The colorimetric temperature scale in 
oC. (i) The 
temperature measured within the pneu-net via thermocouple. (Black) is raw data and (turquoise) 
is the “averaged” data (using fast Fourier transform smoothing algorithm in Origin™ graphing 
software).  
 
 
 Fig. 3. Calorimetric data for (a) pneumatic actuation of a pneu-net with a 175 L chamber 
volume. The heat produced (exothermic) while pressurizing the chamber by pumping air into the 
pneu-net (the area under the first curve) is 3.3 mJ; deactuating the pneu-net by sucking air out 
and depressurizing the chamber is endothermic and absorbs 2.5 mJ of heat (area above the 
second curve). (b) Combustion in the same pneu-net evolves 350 mJ of heat (area under the heat 
flow vs. time curve).  
  
 
 
 
 
 Fig. 4. Optical micrographs of a pneu-net while being explosively actuated, acquired using a 
high-speed camera. (a) Top view of a leg of the tripod. (Left – Right) An electrical arc (0.0 ms) 
triggers explosive combustion of methane with a visible flame that persists for 10.3 ms. At 7.1 
ms, a soft valve prevents propagation of the flame and pressure wave during the explosion After 
50 ms, the stored elastic energy stretches the pneu-net. (b) Side view of the tripod before and (c) 
after ignition of methane oxidation. (d) The flame front propagates to the end of the pneu-nets 
and (e) the stored elastic energy is released as a downward motion. The dashed line shows the 
angle of deflection of the robot’s feet, at rest. The solid line shows the angle of deflection of the 
robot under explosive actuation—the rest angle of deflection (dashed line) is overlaid. The scale 
bar is 2 cm.   Fig. 5. Time sequence of a jumping robot. Ignition of all three channels begins at 1 ms. The 
robot leaps from the ground at 4 ms and exceeds 30 cm height after 119 ms. The robot returns to 
the ground at 368 ms. Tubing and electrical wire is visible in all frames. The scale bar is 15 cm, 
half the height of the ruler visible in all eight frames.    
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Volumetric Energy Density of Compressed Air and Compressed Methane. Volumetric energy 
density is a combination of the potential for mechanical work, w, done by the change in pressure 
(P), and volume (V), and the chemical heat, q, released from burning the gas. For example, 
compressed air at 2,900 psi (~197 atm) has an energy density of 0.1 MJ/L calculated from PV 
and compressed methane (at 2,900 psi) has an energy density of 8.0 MJ/L calculated from the 
combination of PV and heat of combustion (Eq. 1).  
 
Estimate of Pressure Immediately After Ignition. Using the unpressurized channel volume of 
1.0 mL, and our theoretically estimated temperature immediately after ignition of 2,800 
oC, we 
calculated the maximum pressure, using the ideal gas law, to be ~1 MPa (~140 psi). Though this 
value is an overestimate (it does not take into account the channel volume expansion and the gas 
cooling, a complex calculation that is beyond the scope of this paper), we use it to illustrate the 
quick impulse of high pressure to use a passive valving system to control the flow of gas out of 
the channel after combustion and cooling. 
 
Fabrication of the Robot. The elastomer we used for the actuation layer was a stiff silicone 
rubber (Dragon Skin 10, DS-10; Smooth-on, Inc.). This elastomer has a greater Young’s 
modulus than our previous choice for pneumatic actuation (Ecoflex 00-30; Smooth-on, Inc.); 
pneu-nets composed of DS-10 could withstand the large forces generated within the channels 
during the explosion better than Ecoflex; in addition, DS-10 has a high resilience, which allowed 
the pneu-nets to release stored elastic energy rapidly for propulsion (Fig. S1). To seal the pneu-
net, we bonded a compliant and relatively inextensible silicone rubber (Sylgard 184; Dow 2 
 
Corning) to the actuation layer using a thin layer of uncured silicone (Sylgard 184) and then 
allowed the silicone to cure at room temperature over 12 hours.  
We mixed the methane and oxygen gases off-board the robot and injected the mixture, 
separately, into each leg, at a rate of 12 mL/min. In order to assure that we delivered a 
stoichiometric mixture of CH4 and O2, we used mass-flow controllers (100SCCM; MKS 
Instruments). We used capacitive discharge modules (CDIs), available from the hobby radio-
controlled airplane industry (part# RCEXL; Paragon RC, Inc.), to generate the large potentials 
(~6.6 kV at 2 mm electrode separation, or ~33 kV/cm, 10 times the approximate breakdown 
voltage of these gases [1]) to produce the sparks to ignite the gas mixture (Fig. S3). We threaded 
a single ground wire through all three pneu-nets of the tripod and we threaded the positive 
electrodes–coaxially–through each of the (three) gas delivery tubes (Figure 1b). We used an 
Arduino control board to trigger the CDIs to generate the spark between the desired positive 
electrode(s) and the common ground wire.  
 
Temperature Change and Efficiency. We calculated the temperature change in the explosion of 
the methane/oxygen mixture (ΔT) by first calculating the channel volume and therefore the 
number of moles of carbon dioxide (nCO2) and water (nO2) in that volume, as produced by 
explosion of the stoichiometric mixture of CH4 and O2, assuming standard temperature and 
pressure. The standard enthalpies of formation of the two products are reported in the literature 
as Cv
CO2 = 28.6 J/mol·K and Cv
O2 = 74.5 J/mol·K.  
The energy generated by the robot in the system can be calculated using the method 
outlined in the MATLAB® script below. This calculation uses the mass of the robot (30 grams, 
excluding external tubing) and the final height of the jump to calculate the potential energy 3 
 
generated by the robot using standard Newtonian physics (P.E. = mgh). For accuracy the 
potential energy used in lifting the weight of the feed tubes to the robot is also included. An 
alternative approach would be to calculate the velocity, v, of the robot immediately after it leaves 
the surface and use this measure to estimate the kinetic energy (K.E. = 1/2mv
2). We implemented 
this approach using high speed video analysis, and the resulting energies (P.E. = 0.13 J vs. K.E. 
= 0.20 J are within the right order of magnitude as a good check. The chemical energy developed 
in the combustion of 20 mol of methane and 40 mol of oxygen is ~18 J, as calculated using 
enthalpy of combustion of methane (from the standard enthalpies of formation of the products). 
We used this value to estimate the efficiency of the system; efficiency = (mechanical energy out / 
chemical energy in)*100%, which we evaluated as ~0.7%. 
 
Measurement of the Heat Evolution During Explosive Actuation Using Nanocalorimetry. The 
nanocalorimeter we used (1 nanoWatt sensitivity) measures the heat flow in units of (J/s) as a 
function of time, and the integral of this curve is the heat (q) evolved or absorbed [2].  Due to the 
volume constraint of the cylindrical cell of the calorimeter (the cylinder was 1 cm in diameter by 
5 cm long cylinder) we used a smaller actuator volume (125 L) than the one we used for the 
jumping robot (1.5 mL).  
To measure the heat evolved by actuation with compressed air, we assume that the 
calorimeter is adiabatic, and thus the q we measure is equivalent to the mechanical work, –w, 
done by the pneu-net including frictional losses. We determined –w by injecting 750 L of air 
via a syringe pump (Harvard Apparatus), the pressure within the pneu-net increased by ~1 psi 
and we detected a q = -3.3 mJ (Fig. 3a). After actuation, the pneu-net then slowly leaked air into 
the larger volume calorimeter cell (via diffusion through the porous silicone[3]) and we 4 
 
measured the heat absorbed (from the expansion of gas and coiling of the polymer chains) during 
the de-actuation to be q = 2.5 mJ (Fig. 3a). There is thus an 18% loss in converting the potential 
energy of the compressed gas into mechanical work in the actuator.  
In the second experiment, by threading electrical wire into the calorimeter cell, we were able 
to trigger the combustion of premixed methane/oxygen gas inside the small pneu-net. We filled 
the volume of the pneu-net with stoichiometric methane/oxygen and triggered an explosion. The 
heat evolved during the combustion of the gas was q = 350 mJ (Fig. 3b).  
The actuation time for compressed air to drive the 125 L pneu-net is ~ 1 second[4]; the 
resulting power supplied to the pneu-net is 3.3mJ/1s = 3.3 mW. The time required for an 
explosion to actuate the small pneu-net is ~10 ms (Fig. 2a-d), yielding 350 mJ/10 ms = 35 W of 
power. The impulse (change in momentum over time) that results from the ~11,000 fold (35 
W/3.3 mW) increase in power causes rapid actuation of the pneu-nets and a jump of the soft 
robot.      
 
Thermocouple Description. We used a platinum/rhodium thermocouple from Omega 
Instruments to measure the internal temperature of the pneu-nets during explosive actuation. 
 
Jumping Height Calculations. With a measured initial velocity of 3.6 m/s leaving the ground, 
the maximum attainable height of an unrestrained robot with a constant mass would be 66 cm 
(square of the initial velocity divided by twice the constant for gravitational acceleration). 
Nevertheless, the robot only reached a height of 30 cm because it hit the top of the safety 
container in which it jumped. When reaching a height of 30 cm, an untethered robot under 
idealized conditions would arrive in 90 ms and still have an upwards velocity of 2.7 m/s (square 5 
 
root of the difference between the square of the initial velocity and twice the product of the 
height and constant for gravitational acceleration). In reality, the robot required 150 ms (over 
60% more time than that predicted) to reach the height of 30 cm because tethered tubing added 
mass to the robot as it was rising. 
 
Adiabatic Flame Temperature. We also estimated the adiabatic flame temperature with constant 
pressure (constant enthalpy) for this chemical reaction. The "frozen flame temperature" as 
described by Kuo [5] was 5,690 K (5,417 
oC; see Matlab Script).  In reality, the adiabatic flame 
temperature is much less because of dissociations of the products in the combustive 
reaction.  According to Kuo, estimates for "frozen flame temperature" are generally valid for 
temperatures less than 1,200 K.  For cases above 1,200 K, an adiabatic flame calculator 
(http://elearning.cerfacs.fr/combustion/tools/adiabaticflametemperature/index.php) is helpful. 
We used a pressure of 1 atm, an initial temperature of 298.15 K, fuel species of CH4, an air 
molar ratio of 0, and an equivalence ratio of 1, and the computed adiabatic flame temperature 
was 3,052 K.  This value represents a lower limit of temperature because our process is not 
isobaric.  
 
Estimate for Average Change in Temperature of the Robot Itself. The specific heat of PDMS is 
1.46e3 J/(kg K) and the robot is composed of 30 g of silicone, and thus has a net, equilibrated 
heat capacity of ~45 J/K. The average change in temperature, for the actuation of all its legs is 
then the difference of the heat generated from the methane combustion (Q; Matlab script below) 
and the mechanical energy from the jump (U; Matlab script below) divided by the heat capacity. 
The average change in temperature is thus ~0.41 K for simultaneous actuation of all three legs. 6 
 
Cost Estimate for Untethered Jumping Robot. The minimum requirements for untethered 
jumping are one solenoid valve for metering gas (~$25; McMaster-Carr, product # 7877K311), 
a control board (~$25; Arduino Uno; Mouser Electronics, product #782-A000066), an ignition 
system (~$50; RC Extreme Power, Inc., single cylinder). The material costs (e.g., silicone, 
methane, hydrogen peroxide for oxygen, or simply oxygen or air) and battery are negligible 
compared to the electronics costs. 
 
 
Matlab Script to calculate efficiency and heating of a soft robot 
%Calculations for Efficiency and Heating of a Soft Robot 
%with explosive actuation 
  
g=9.8; %Acceleration due to gravity (m/s^2) 
Troom=298; %Temperature of the room (K) 
R=8.314; %Universal Gas Constant (J/(mol K)) 
Proom=101.3e3; %Atmospheric pressure (Pa) 
  
%Robot's jump 
m=0.03; %Mass of robot (kg) 
h=0.3; %Height of robot's jump (m) 
U_robot=m*g*h %Potential energy of robot (J) 
%U_robot = 0.0882 
  
%Tubes' jump (Assumes all the material of the tubes gets to the height  
%of robots's jump and treats tubes as a dangling chain with center of mass 
%halfway up the chain. 
h_tubes_fixed=0.3; %Height where end of tubes were held (m) 
h_tubes_c=h-(0.5*h_tubes_fixed); %Height of center of mass of tubes before  
%combustion (m) 
A_tubes=pi*(0.0022^2-0.001^2)/4; %Cross-sectional area of tubes (m^2) 
N_tubes=3; %Number of tubes 
rho_tubes=1000; %Density of the tubes (kg/m^3) 
tubes_m_per_length=N_tubes*A_tubes*rho_tubes; %Mass per unit length of  
%tubes (kg/m) 
U_tubes=N_tubes*tubes_m_per_length*g*(h-h_tubes_c) %Potential energy of  
%tubes (J) 
%U_tubes = 0.0399 
  
U_mechanical=U_robot+U_tubes 
%U_mechanical = 0.1281 
  
%From Table 1.2 in Kuo 
DeltaH_CO2=4.184e3*-94.054; %Enthalpy of formation (J/mol) 
DeltaH_O2=0; %Enthalpy of formation (J/mol) 
DeltaH_H2O=4.184e3*-68.315; %Enthalpy of formation (J/mol) 7 
 
DeltaH_CH4=4.184e3*-17.895; %Enthalpy of formation (J/mol) 
DeltaH_combustion=DeltaH_CO2+2*DeltaH_H2O-DeltaH_CH4 %Enthalpy of  
%combustion(J/mol) 
%DeltaH_combustion = -8.9031e+005 
Vol_CH4=0.5e-3; %Volume of combusted methane at 298K and 1 atm (liters) 
n_CH4=101.3e3*Vol_CH4*1e-3/(8.314*298) %Number of moles of methane before  
%combustion  (mol) 
%n_CH4 = 2.0443e-005 
Q=-n_CH4*DeltaH_combustion %Energy given off through combustion 
%Q = 18.2009 
  
PercentageEfficiency=U_mechanical/Q*100 
%PercentageEfficiency = 0.7038 
%Estimate for average change in temperature of the robot itself 
c_PDMS=1.46e3; %Specific Heat of PDMS (J/(kg K)) 
AveDeltaT_robot=(Q-U_mechanical)/(m*c_PDMS) 
%AveDeltaT_robot = 0.4126 
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 Fig. S1. Stress vs. strain curves of Ecoflex 0030 and Dragon Skin 10.  
 
 
 
 
 
 
 
 
 
 
 
 Fig. S2. Schematic of an isothermal calorimeter for measuring combustive actuation in a pneu-
net. CH4:O2 is pumped into the pneu-net and out through an exit channel. Ignition leads trigger 
an electrical arc that ignites the gas mixture after the desired amount of equilibration time for the 
calorimeter. The external water bath is held at constant temperature and the difference in 
temperatures between the internal and external water baths is used to determine the heat flux 
during a reaction in the reaction cell (white box, center). This figure was inspired by that in 
Laidler & Meiser [2].  
 
 
  
 
Fig. S3. (a) Photograph of ignition system and (b) schematic diagram of ignition system. 
 
 
 
 
  
 
Fig. S4. Engineering schematics of jumping robot. Dimensions in millimeters. 
 
 
 
 
 
 
 
 
 
 Video S1. This video demonstrates that the mini explosions are small enough for the robots to be 
handled by experienced personnel only. 
https://www.dropbox.com/s/r14d1xkunsq8hat/VideoS1.MOV 
 
Video S2. This video demonstrates the passive valve automatically closing and opening during 
explosive actuation.  
https://www.dropbox.com/s/m0x8dt41pivmil6/VideoS2.MOV 
 
Video S3. This high-speed video shows the robot jumping over thirty times its height in ~119ms. 
https://www.dropbox.com/s/wht6d9fxt7vgx1v/VideoS3.wmv  
 
 
 
 